The distinctive water sorption properties of microporous aluminium fumarate (s-shaped isotherm, narrow hysteresis, loading >0.3 g g À1 at a relative pressure as low as p/p 0 ¼ 0.3 under realistic working conditions) permit a large advancement of MOF-based sorption heat transformation processes, especially as we demonstrate that the favourable sorption properties are accompanied by an unprecedented cyclic hydrothermal stability. With regard to the application of heat transformation, where unhindered heat and mass transfer are crucial for fast ad-/desorption cycles and a high power density, the question of proper shaping was also addressed. A 300 mm thick, polycrystalline, thermally well coupled and highly accessible coating of microporous aluminium fumarate was deposited on a metal substrate via the thermal gradient approach, and found to be stable for the first 4500 ad-/desorption cycles with water vapour. † Electronic supplementary information (ESI) available: N 2 adsorption isotherm, PXRD (literature, bulk mp-AF and coated sheets), heat capacity and FT-IR spectrum of bulk mp-AF, PXRD of the top and bottom layer of the coating, desorption isobar of sheet 2, individual diffractograms for the in situ ad-/desorption study, and crystal structures of related MIL-53. See Scheme 1 Probable building block in mp-AF based on the analogy to MIL-53.
Introduction
Metal-organic frameworks (MOFs) receive continuous attention due to their unsurpassed porosity and chemical variability, which both originate from the inherent, molecular clusterlinker concept. 1 Substantial progress can be expected from their introduction into the elds of gas storage, 2,3 gas 4 and liquid 5 separation processes, drug delivery, 6 heterogeneous catalysis 7 and other applications, 8 but especially for sorption-based heat transformation purposes.
Thermally driven adsorption chillers (TDCs) or adsorption heat pumps (AHPs) pose an alternative to traditional air conditioners, heat pumps or condensing boilers operating on electricity or fossil fuels. Driven by solar or waste heat, TDCs/ AHPs can help to minimize primary energy consumption. They are based on the evaporation of coolants, preferably water, and consecutive adsorption at a microporous material under specic conditions. This technology has gained more and more interest during the last years, because it allows waste heat, which would otherwise be simply released to the environment, to be used for cooling applications, or stored, e.g., for heating in winter. Additionally, the process can be operated in heat-pump mode: as additional thermal energy from the environment can be used for heating, less fuel is required. [9] [10] [11] It is clear that the performance, efficiency and range of use of a sorption-based heat pump, or chiller, drastically depend on the performance of the applied sorption material. MOFs are of high interest for the use as adsorbents, as they can surpass classical materials like silica gels or zeolites in terms of uid uptake capacity and also offer the potential for tuning the microporosity and hydrophilicity through their variable building blocks depending on the specic heat transformation application. MOFs are being increasingly investigated for this purpose because of their high porosities, tunable hydrophilicities, and inherent, narrow pore size distributions which result in a sharp loading step. However, low hydrophilicity, insufficient hydrothermal stability and a pricey production still impede their commercial success in this and related elds. 9, [12] [13] [14] [15] [16] [17] [18] While the chemical properties of a MOF material can be tailored to meet the specications of a particular task, 19 harsh environmental conditions and especially the presence of water vapour oen result in irreversible structural transformations and rapid loss of porosity especially in well-established and examined materials: copper trimesate HKUST-1 (although it is synthesized in aqueous solution), zinc terephthalate MOF-5, and even zirconium aminoterephthalate H 2 N-UiO-66 show framework disintegration under humid working conditions. 15, 20, 21 The decomposition process has been found to commence at the metal-linker coordination bond in most cases. 21 The collection of better water-stable MOFs includes many zeolitic imidazolate frameworks (ZIFs) 22 and a few other azolate-derived compounds, 16, 23 MOFs based on Cr(III) (such as MIL-101), 14 or use 4 th group metal clusters, 15, 24 some MOFs that employ phosphonates as linkers, 25 and so on. However, hydrothermal stability is oen achieved by hydrophobicity, which can easily be deduced from the comparatively late rise of the water sorption isotherm. This is the case, e.g., for many ZIFs, metal azolate-carboxylate MOFs, 26 and to some extent also MIL-101.
Suitable equilibrium sorption characteristics are a necessary requirement for any MOF application, but when it comes to fast, cyclic adsorption processes, unhindered heat and mass transfer have to be ensured as well. Hence, the MOF cannot be used as a powder, but must be fabricated into a device. While elaborate procedures are available for the production of custom-made, yet low-capacity mm-lms, e.g., by means of direct or seeded growth, 27 electrochemical synthesis, 28 microwave-induced 29 or self-assembled monolayer (SAM-) assisted deposition, 30 results are scarce when it comes to high-capacity, sturdy, rmly adhering lms or membranes which are at the same time highly accessible and thermally well coupled to the substrate. Such lms are necessary for high-turnover applications in the eld of gas sorption, catalysis etc., where substantial amounts of heat have to be delivered or dissipated, with sorption-based heat transformation being an especially challenging task for the material because of the recurring ad-and desorption cycles ( Fig. 1 ).
Microporous aluminium fumarate (abbreviated as mp-AF in this publication) keeps appearing in the patent literature since 2007, 31, 32 and it distinguishes from other MOFs especially by the fact that it can be easily prepared from inexpensive reagents via a water-based precipitation approach. This also means that at least some water stability can be anticipated. Gas separation, H 2 or methane storage, and storage and release of liquid agents have been named as possible applications for mp-AF, for which it may be marketed by BASF as Basolite™ A520. 31, 33 These facts all point out that mp-AF can become one of the commercially most important MOFs, but, curiously enough, publications in scientic journals remain scarce. 33, 34 Structurally, mp-AF resembles MIL-53, as it also consists of innite Al-OH-Al chains connected by fumarate linkers (Scheme 1). 35 From this comparison, a 3D structure consisting of [Al(OH)(O 2 C-CH]CH-CO 2 )] with rhombohedral channels is probably formed (see Fig. S8 in ESI †). 31 Here, a MOF-based material with promising properties (capacity, sorption behaviour, multi-cycle stability), and also a method for the production of a coating on a metallic substrate are presented. In this contribution, we demonstrate the unprecedented water-stability and hydrophilicity of mp-AF and fabricate this MOF into a thermally well coupled coating on aluminium metal sheets, e.g., for use on heat exchangers in sorption-based heat transformation applications.
Experimental

Synthesis of bulk-mp-AF
Although a convenient water-based precipitation approach for the synthesis of microporous aluminium fumarate, mp-AF is known, a different patent procedure using dimethyl formamide as the solvent was chosen because of the alleged better reaction control, and adaptability towards the fabrication of MOF coatings. 31 In a 1000 mL round bottom ask, 26.9 g (108 mmol) of aluminium chloride hexahydrate (p.a., Merck) and 15.4 g (133 mmol) of fumaric acid ($99.5%, Carl Roth) were dissolved in 550 mL of freshly distilled dimethyl formamide ($99.5%, Carl Roth). The turbid, yellowish mixture was stirred at 130 C for 4 days. Aer cooling, the snow-white precipitate was ltered off and stirred twice in redist. acetone (1 h and 24 h, 200 mL each) , and twice in redist. ethanol (1 h and 24 h, 200 mL each) . The solid was then dried in air at 80 C. Yield: 15.4 g (90% based on Al). IR, neat (ATR), 3385, 1593, 1471, 1419, 1212, 1152, 1005, 985, 804, 713, 694, 646, 483 to the high evaporation enthalpy of 44 kJ mol À1 ) is evaporated at low pressure by application of evaporation heat Q evap , and adsorbed at a microporous material, releasing adsorption heat Q ads . (2) Regeneration cycle: when the adsorbent is saturated, driving heat Q des is applied for desorption of the working fluid. The vapour then condenses at a cooler, and condensation heat Q des is released. Energy is now stored until reinitiation of the working cycle. Note: low temperature (T) heat is depicted in blue, medium T heat in green and high T heat in red. Copyright by the Royal Society of Chemistry, reproduced by permission of the authors of ref. 13. 2.2 Thermal gradient coating 2.2.1 Aluminium substrate sheet preparation. Aluminium sheets (50 Â 50 Â 1.0 mm 3 ) were sanded on both sides, etched in sodium hydroxide solution (140 g L À1 , 65 C, 90 s), deoxidized in diluted nitric acid (13%, RT, 30 s) and dried in air at 60 C. Directly prior to use, both sheets were clamped to a custommade aluminium heating cartridge equipped with a surface thermocouple, 17 and the whole assembly was deoxidized again with diluted HNO 3 and carefully rinsed using water and dimethyl formamide. The accessible surface of each sheet was 13 cm 2 .
2.2.2 Coating synthesis. For a typical synthesis, a solution of Al(NO 3 ) 3 $9H 2 O (Merck, 20.08 g) and fumaric acid (Carl Roth, 10.68 g) in freshly distilled dimethyl formamide (Carl Roth, 200 mL) was lled into a stainless steel beaker (65 mm inner diameter) thermostated to 30 C. Using a custom-made aluminium heating apparatus as described in the literature, 17 the Al substrate sheet was immersed into the solution and heated to a temperature of 145 C for 3 h. Aer cooling, the Al sheet was carefully removed, rinsed with and soaked overnight in DMF, then rinsed with and soaked overnight in ethanol, nally dried in air at 50 C. Coating yield was 147 mg (11.3 mg cm À2 ) for sheet 1, 172 mg (13.2 mg cm À2 ) for sheet 2.
2.2.3 Protective coating. At RT, 10.0 mL of Silikophen® P 50/300 (Evonik Industries) were dissolved in 30.0 mL of xylene (o/m/p, technical grade). Sheet 2 was dipped into the solution, removed aer 20 s, and dried over night at RT in air. The sample was then tempered according to the following program (ramp time/temperature/hold time): 60 min/50 C/120 min; 180 min/ 105 C/120 min; 120 min/250 C/180 min; 300 min/RT. Total mass increase was 33.1 mg, which equals a varnish content in the mp-AF layer of 19% assuming that the silicone resin accumulates mainly at the rough mp-AF surface, not at the backside.
Analytics: procedure and instrumentation
N 2 adsorption isotherms were obtained on a Quantachrome® Nova @ 77 K, aer vac. degassing (120 C/24 h). H 2 O adsorption isotherms: obtained on a Quantachrome® Hydrosorb, aer vac. degassing (120 C/24 h). H 2 O adsorption isobars and powder cycle stability were examined in a Setaram™ TGA-DSC-111. A humidied argon gas ow (40 C, 76.3% relative humidity) was generated by a Setaram™ WetSys humidity controller and passed through the sample chamber, while the temperature of the sample chamber itself was varied. For multi-cycle ad-/ desorption experiments, the temperature of the sample chamber was varied between 40 C and 140 C with a cycle time of 5 h. X-ray diffractograms were acquired on a Bruker D8 Advance with DaVinci™, using a Cu anode tube at 40 kV/40 mA, with a Ni lter and constant sample illumination spot size (broadness: 12 mm); step size 0.02 , 1.0 s per step, Cu-Ka radiation. A rotating sample holder was used for powders. A MRI humidity chamber was used for controlled humidity experiments ( Fig. 2d) , where a humidied N 2 gas ow was passed over the sample at atmospheric pressure. Before each scan, the sample was allowed to equilibrate for 90 min. A Newport stage with three axes was used for coated sheets. IR spectra were obtained on a PerkinElmer™ SpectrumTwo FTIR equipped with a diamond ATR unit. Multi-cycle stability tests of coated samples: in order to investigate the adsorption/desorption cycle stability of mp-AF over 1500 and another 3000 adsorption/desorption cycles, multi-cycle experiments were conducted in a special apparatus under pure water vapour atmosphere (1300 Pa), where the samples were clamped to a heating/cooling plate, with the temperature alternating between 125 C and 20 C for 90 seconds each. Hence, relative vapour pressure values of p/p 0 ¼ 0.006 or, respectively, p/p 0 ¼ 0.55, are generated and the main loading li of mp-AF is covered. Microscopic images were obtained on a Keyence® VHX reected-light microscope. Scanning electron microscope images were obtained on a FEI™ QUANTA 400 MK-II (25 kV, ETdetector) . Heat capacity of bulk aluminium fumarate was determined using a SETARAM™ SenSys evo DSC calorimeter. Heat conductivity and contact resistance were obtained on a NETZSCH LFA 457 laser ash analysis apparatus under vacuum. For the investigation of bulk aluminium fumarate, a pellet (Ø ¼ 12.7 mm, forming pressure ¼ 13 kN) was prepared. For investigation of the coating, a 10 Â 10 mm 2 cut was used. Samples were coated with graphite on both sides and dehumidied at 120 C prior to measurement. A Cowan 2-layer approach with regard to heat loss and pulse correction was applied. Heat capacity and thermal conductivity of the Al substrate were obtained from the Netzsch database, the heat capacity of the coating was calculated from the regression function given in the ESI. † For each temperature step, three values were taken, the given values are calculated as the arithmetic average. The calculation of the thermal conductivity was performed using the Netzsch soware algorithm, which is based on the work by Hartmann et al. 36 3 Results and discussion 3.1 Bulk mP-AF Aluminium chloride hexahydrate reacts with fumaric acid in dimethyl formamide (DMF) at 130 C under formation of aluminium fumarate, [Al(OH)(O 2 C-CH]CH-CO 2 )] in high yield. The product was veried by positively matching the powder X-ray diffractograms of both dried and rehydrated mp AF with the pattern given for genuine Basolite™ A520 in the literature (Fig. 2a-c) . 31 3.1.1 Pore analysis and H 2 O adsorption behaviour. N 2 adsorption analysis yielded a BET surface of S BET ¼ 1021 m 2 g À1 , and a micropore volume of V pore ¼ 0.48 cm 3 g À1 (literature: 33 S Langmuir ¼ 1000-1200 m 2 g À1 , see ESI † for details).
Water adsorption isotherms were acquired in a temperature range between 298 K and 333 K, leading to a maximum water vapour uptake of approx. 0.45 g g À1 . The isotherms show a very favorable s-shape, with a steep increase in a narrow pressure range (p/p 0 ¼ 0.2-0.3) (Fig. 3) . The desorption hysteresis is small compared to other, comparably hydrophilic MOFs like iron or aluminium trimesate, MIL-100 (Fe, Al) 13 or zirconium aminoterephthalate H 2 N-UiO-66. 15 The H 2 O loading of 0.45 g g À1 correlates well to the micropore volume of 0.48 cm 3 g À1 determined from N 2 sorption experiments for a solvent of density 1 g cm À3 , so that the micropores are lled at high p/p 0 . This points to a high uniformity and hydrophilicity of the inner pore surface, without particularly hydrophobic sites. However, the conditions inside a thermally driven chiller can be considered to be isobaric rather than isothermal, due to the cyclic heating and cooling process. With the intent to simulate conditions close to reality, adsorption isobars were acquired at a partial water vapour pressure of 1.2 kPa (corresponding to an evaporator temperature of 10 C), while desorption was examined at 5.6 kPa (corresponding to a condenser temperature of 35 C) (see Fig. 3 ). During adsorption, the main loading li of mp-AF occurs at p/p 0 < 0.3, permitting a medium temperature level of approx. 30 C. The main desorption step occurs already between a relative pressure range of 0.4 > p/p 0 > 0.25, corresponding to a desorption ("driving") temperature of as low as 65 Ca level which can be easily produced from solar or (surplus) district heat. These properties t excellently to the demands typically anticipated for a thermally driven chiller. 12, 37 From in situ ad-/desorption PXRD analysis of mp-AF ( Fig. 2d and S5 in ESI †), we could nd evidence that the structure is reversibly deformed during the transition. Based on the structural analogy between mp-AF (Basolite™ A520) and MIL-53, the aluminium fumarate framework can also be assumed to be a exible, 'breathing'-type network adapting to guest molecules, that is, it can assume different shapes and porosities depending on the guest's presence or absence. 35, 38 In the case of water as a guest molecule, however, the observed structural change in mp-AF was minor (see Fig. 2 ).
3.1.2 Differential heat of adsorption. The specic heat of adsorption DH ads is a very important gure of merit especially for energy transformation applications. From a set of adsorption isotherms acquired at different temperatures, DH ads can be calculated using a modied form of the Clausius-Clapeyron eqn (1)
with the approximation that the vapour volume change upon adsorption, DV ads , can be expressed using the ideal gas law, integration of the formula yields eqn (2):
The adsorption enthalpy for a specic amount of adsorbate can now be calculated from a dataset of different temperatures T 1 , T 2 , ., T n , required to obtain adsorption of this amount, and the corresponding absolute pressures p 1 , p 2 , ., p n , as the points P n (ln(p n /p 0 )|1/T n ) will describe a straight line with the slope ÀDH ads /R. Values between isotherm data points were interpolated by straight lines, and DH ads was calculated over the whole adsorption range (Fig. 4) .
For the largest part of the adsorbed amount, the differential adsorption enthalpy DH ads remains constantly about 10% above the evaporation enthalpy of water, which is a value in the range typically found for medium hydrophilic zeolites or silica gels. 11, 40 This points to a uniform, comparatively hydrophilic internal surface, with water molecules accumulating homogeneously along the channel walls. This behaviour differs considerably from that of, e.g., MIL-100 or MIL-101, where strong coordinative bonds are established between the rst adsorbed H 2 O molecules and the highly polar, hydrophilic metal ion clusters, 13 but makes sense given that mP-AF does not contain metal ion clusters, but innite Al-O-Al-O chains running along the channel walls.
DH ads drops substantially below the evaporation enthalpy of water when the pores are almost completely lled, which means that a simultaneous, endothermic process must take place at this point, such as the reversible deformation of the framework that can be deducted from the in situ PXRD measurements (Fig. 2) . Another possible endothermic process, which may be responsible for the drop of adsorption enthalpy at high adsorbed amounts, which is not easy to detect, is the rearrangement of already adsorbed water molecules towards a closer, yet energetically less favourable conguration upon pore lling.
3.1.3 Heat capacity and conductivity. The heat capacity of dry bulk mp-AF is between 1.05 J g À1 K À1 and 1.35 J g À1 K À1 in the temperature range between 50 C and 145 C (see Fig. S3 in ESI †). These values are in accordance with those measured for other MOFs, where heat capacities range from 0.8 J g À1 K À1 to 1.2 J g À1 K À1 . 41 For the pressed pellet, the thermal conductivity in this temperature range lies around 0.12 W m À1 K À1 .
3.1.4 Multicycle water sorption stability test. A metalorganic framework compound is oen called "water-stable" when the powder can be recovered from water or from water-DMF mixtures without structural change as proven by powder X-ray diffraction. 5, 22, 42 In the cyclic operational mode of sorption heat transformation appliances, the sorption material is subjected to numerous ad-/desorption cycles with simultaneous cyclic thermal stress. Under these conditions, hydrothermal stability is a crucial aspect and, therefore, has to be investigated separately via multi-cycle ad-/desorption experiments. Under the cycling conditions heat transfer to and from the sample is limited. The thermodynamic water sorption equilibrium is not completely reached within the individual cycles. Consequently, a 20 h thermodynamic analysis cycle was run before the cycling experiment and aer every 20 cycles the equilibrium H 2 O uptake capacity of the material was determined.
Judged from the longer analysis cycles during the multi-cycle ad-/desorption experiments in Fig. 5 , the adsorption capacity remains within the range to be expected from the volumetric measurements: 0.37 g g À1 aer 20, 0.38 g g À1 aer 40, 0.37 g g À1 aer 60 and 0.37 g g À1 aer 80 cycles. While the framework seems to lose approx. 6% of its weight during the rst 20 cycles, this seems to have no impact on the sorption capacity itself. The decrease in dry mass indicates a further activation effect due to water sorption cycles. This post-activation phenomenon can be explained by stepwise removing of fumaric acid, which apparently could not be fully cleaved from the narrow and highly polar channels of mp-AF by the initial washing procedure. During cycling however, the desorbing water vapour is likely to entrain the high-boiling, yet poorly water-soluble fumaric acid in a way similar to steam distillation. Fig. 4 Heat of adsorption for mp-AF-water, calculated from 298 K, 313 K and 333 K isotherms. The shaded area indicates the standard deviation of the respective linear fits through the points P 1 , P 2 , P 3 . 3.2 mp-AF@Al coating 3.2.1 Coating synthesis. When performing thermal gradient synthesis, the temperature of the solution of aluminium nitrate and fumaric acid is maintained at 30 C by active chilling, only the substrate itself is heated. Due to the arising temperature gradient, the MOF crystals form a layer covering only the very surface, with a growth rate of approx. 100 mm h À1 . Simply applying the original procedure for thermal gradient synthesis 17 to mp-AF did not yield the desired result. We found that several parameters had to be changed in order to obtain a sufficiently thick coating in a reasonable amount of time.
Replacement of the Al 3+ -source. As chloride anions are known to provoke corrosion of the most common metallic substrates, e.g., copper, aluminium, and also stainless steel alloys, the aluminium chloride used in the original synthesis procedure 31 was replaced by an equimolar amount of aluminium nitrate nonahydrate.
Increase of reactant concentration. In order to speed up layer growth and obtain sufficiently thick layers, we doubled the concentrations of reactants (aluminium nitrate nonahydrate and fumaric acid) for a second run, compared to the original procedure.
Protective lacquer. For increased mechanical stability, one sample was additionally furnished with a protective lacquer. An industry-standard, highly water vapour permeable siliconeresin varnish was chosen for this purpose (Evonik Silikophen® P50/300).
Reaction temperature. We found that it was necessary to set the temperature of the substrate to 145 C compared to 130 C for the batch synthesis in order to obtain an evenly distributed coating. The temperature of the cooling jacket was set to 30 C.
Under the conditions given above, a uniform coating of mp-AF could be deposited on pretreated aluminium sheets ( Fig. 6  and 7 ). As can be seen from the polished cross-section (see Fig. 7d ), the coating consists of a macroporous and structured top layer with a thickness of approx. 280 mm (top-down view in Fig. 7b ). Applying moderate force, the top layer can be removed with a spatula, exposing a denser and rmly adhering bottom layer with a thickness of only 20 mm (Fig. 7c ). Both layers consist of crystalline mp-AF, as proven by PXRD (see Fig. S6 in ESI †).
The gravimetric density of the mp-AF coating (determined by measuring and weighing a ake removed from the substrate) is r coating ¼ 0.61 g cm À3 .
3.2.2 Crystal structure and multicycle stability of mp-AF coating. From comparison of PXRD measurements of both sheet 1 and 2 (Fig. 8) with the PXRD for bulk mp-AF ( Fig. 2 and S2 in ESI †), it can be seen that the single crystalline phase within the coating can be ascribed to mp-AF. 34 The main peak at 2q ¼ 10.5 , however, is comparatively more intense, which suggests that a preferred orientation of crystallites is present. Such a behavior is well-known for polycrystalline layers, and can be explained by evolutionary selection (van-der-Dri growth). 43 Compared to sheet 1, reections of sheet 2 are less intense, because the sample was varnished with silicon resin.
When comparing the diffractograms of the coated sheets before cycling, aer 1500 and aer 4500 cycles, no weakening or broadening of the reections can be seen in both cases. In fact, the intensity and sharpness of the reections at 2q ¼ 14.9 and 31.8 increases. This can be explained by recrystallization/ rearrangement phenomena during cycling, and also by a postactivation procedure as described above for bulk mp-AF.
Aer 1500 and 4500 cycles, the desorption isobar for the mp-AF coating in Fig. 9 corresponds well to the isobar acquired for bulk mp-AF ( Fig. 3) . Also, the H 2 O capacity of 0.37 g g À1 from the desorption isobar corresponds to the equilibrium loading in the multi-cycle experiments of bulk mp-AF (Fig. 5 ). This is an excellent water uptake value as to the best of our knowledge, so far, no other MOF has shown such a stability towards the rst 4500 ad/desorption cycles with water vapor (cf. Fig. 8 ).
Sheet 2 was additionally covered with silicone resin and features the same shape of the isotherm aer 4500 cycles, but with a smaller relative load, due to the additional weight added to the coating by the silicone resin (see Fig. S7 in ESI †).
3.2.3 Thermal conductivity and contact resistance of the coating. These two parameters directly determine the dissipation of the heat of adsorption. This correlates directly to the kinetics and hence to the performance of the nished adsorber. The conductivity of the mp-AF@Al coating (Fig. 10 ) lies in a range of 0.33 to 0.31 W m À1 K À1 , which is approx. 3 times higher than for the pressed pure Al-fumarate powder sample, despite its slightly lower density (r coating ¼ 0.61 cm 3 g À1 , vs. r pellet ¼ 0.71 cm 3 g À1 ). The high thermal conductivity of the layer can be explained with the high uniformity of the layer and the fact that crystallites seem to be highly intergrown (cf. Fig. 7) . For comparison, a packed zeolite 4Å bed features a thermal conductivity of 0.09 W m À1 K À1 when no additives are used, 44 and a silica gel packing about 0.2 W m À1 K À1 . 45 An activated carbon bed has a conductivity of 0.15 to 0.5 W m À1 K À1 . 46 On the other hand, the conductivity of monocrystalline MOF-5 has even been reported as low as 0.35 W m À1 K À1 . 47 The comparatively high thermal conductivity for the mp-AF@Al coating can be traced to the highly intergrown crystals within the coated sample ( Fig. 7) , so that intercrystalline heat transport is facilitated.
The contact resistance between the MOF layer and the resin coating is about 5.1 Â 10 À4 m 2 K W À1 in the examined temperature range (Fig. 10) . For comparison, this value equals Insets are multiplied by the factor of 6 for better visualization. Peaks marked with an asterisk (+) are caused by the Al substrate. Fig. 9 Equilibrium water desorption isobars of a representative mp-AF@Al coating after 1500 ( ) and 4500 cycles ( ). Isobars were acquired gravimetrically under pure water vapour atmosphere, at p H 2 O ¼ 5.6 kPa, with 140 C $ T $ 40 C. Samples were degassed at 150 C under vacuum for 12 h prior to measurement, and loaded with water vapour for 8 h. Adsorbed mass is based on the amount of mp-AF coating. Fig. 10 Thermal conductivity of mp-AF. Measurements were conducted on bulk mp-AF (pellet, Ø ¼ 12.68 mm, h ¼ 1.71 mm, forming pressure ¼ 13 kN; r ¼ 0.714 g cm À3 , empty symbols) and a mp-AF@Al coated sheet with protective layer (filled symbols). For the c p values, the curve determined for bulk mp-AF was used in both cases (see the contact resistance between a similar combination of materials (activated carbon pressed to an aluminium bronze surface, but with a pressure of 1.0 MPa) and is hence a very acceptable value for a MOF-metal interface. 48 
Conclusions
The thorough investigation of the water sorption properties of mp-AF show that this remarkable MOF may be employed as a promising adsorbent for heat transformation applications. The maximum water exchange of 0.35 g g À1 is certainly lower than in other MOFs such as or MIL-100, 13 but it can be fully utilized under realistic, isobaric working conditions due to the hydrophilicity of mp-AF. The characteristic, steep s-shape of the isotherm in a relative pressure band of 0.2 < p/p 0 < 0.35 has not been observed for other water-stable MOFs before. In this context, mp-AF can be compared best to modern, hydrophilic, zeotype adsorbents such as In terms of cyclic hydrothermal stability, mp-AF surpasses other hydrophilic MOFs, even other aluminium carboxylates such as MIL-100(Al). 13 mp-AF can already be produced comparatively cost-efficiently via a simple precipitation reaction. This is in contrast to, e.g., the template-based AlPO-18 synthesis, or various hydro-/solvothermal synthesis routes required for other MOFs. mp-AF is also free of harmful components such as heavy metals or critical organic compounds. Aluminium salts are approved as EU food additives (E520-523), as well as several fumarates (E365-368).
The way towards the application has been cleared further by the successful preparation of a thick, thermally well coupled mp-AF coating on a metallic substrate via the thermal gradient approach, and its hydrothermal stability proven for 4500 ad-/ desorption cycles, renders this material very interesting also for other applications such as catalysis or gas storage.
The chemically versatile C]C-bond of the fumarate linker can be a valuable anchor for further tailoring of mp-AF by postsynthetic modications (for example, it might serve as a complex ligand aer hydroxylation, or directly via the p-bond electrons). This topic should be investigated in the future, in order to render mp-AF more versatile also for highly specic applications.
